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Stereotactic recording and stimulation procedures. Standard methods 
were used for functional stereotactic procedures^*. Microelectrode recordings 
and stimulation were performed with either glass- or parylene- coated tungsten 
microelectrodes. Our initial target was chosen near the ventral border (at or 
close to the line between the anterior and posterior commissures of the 
ventrocaudal nucleus, in a sagittal plane 14-15 mm lateral to the midline. 
Subsequent electrode trajectories were appropriate for the patient's site of pain. 
Each electrode trajectory was made through the thalamus in a parasagittal 
plane. The standard search procedure during each penetration consisted of 
recordmg the neuronal activity continuously as the electrode was advanced. At 
sites of spontaneous neuronal activity, stimuli were applied to the joints 
(passive and/or active movements), muscles (squeeze) and skin (brush and 
hot and cold probes) to delineate receptive fields. At intervals of 0.5- 1 mm, the 
microelectrode was used to deliver brief trains of electrical stimuli ( 1 s> 300-Hz 
trains of 0.2 ms monophasic (tip negative) pulses of up to 100 ^lA.) to determine 
the threshold for sensation, and the patient was asked to describe the location 
(projected field) and quality of any evoked sensation. To assess abnormalities in 
body representations in each amputee, the length along each trajectory that 
represented the stump region was summed and expressed as a percentage of the 
total sampled length of tactile ventrocaudal nucleus in that patient. The data 
obtained fix>m non-amputee patients vrith movement disorders was sampled 
fi-om a comparable region of the ventrocaudal nucleus". 
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rfc%^l^p:ations in the presenilin-l gene {PSl) are a major cause 
%f femSial Alzheimer's disease. They result in a selective increase 
iiS sthe production of the amyloidogenic peptide amyloid-p{l-42) 
by proteolytic processing of the amyloid precursor protein 
(APP)*"*. Here we investigate whether PSl is also involved in 
normal APP processing in neuronal cultures derived from PSl- 
deficient mouse embryos. Cleavage by a- and p-secretase^ of the 
extracellular domain of APP was not affected by the absence of 
PSl, whereas cleavage by 7-secretase of the transmembrane 
domain of APP was prevented, causing carboxyl-terminal frag- 
ments of APP to accumulate and a fivefold drop in the production 
of amyloid peptide. Pulse-chase experiments indicated that PSl 
deficiency specifically decreased the turnover of the membrane- 
associated fragments of APP. As in the regulation of cholesterol 
metabolism by proteolysis of a membrane-bound transcription 
factor*, PSl appears to facUitate a proteolytic activity that cleaves 
the integral membrane domain of APP. Our results indicate that 
mutations in PSl that manifest clinically cause a gain of function 
and that inhibition of PSl activity is a potential target for anti- 
amyloidogenic therapy in Alzheimer's disease. 

Mice deficient in the expression of PSl (P5J~' mice) were 
generated by homologous recombination (see Methods). We con- 
firmed that homozygous PSr^~ mice die late in embryogenesis^'^ 
Growth of the embryo was severely retarded, being most evident 
in the caudal region as a stubby tail. It has been proposed that 
this phenotype is a result of disturbed Notch signalling^ ^ The 
embryonic lethality of PSr'~ mice precludes further analysis of 
the possible effects on APP metabolism in living animals. Therefore, 
brain cultures were generated from living PSJ" " embryos at day 14 
post coitum (pc) according to protocols used previously for 
hippocampal neurons^"''. Cell yields were 7.6( ± 1.6) X 10^ cells 
for PSI^^^ {n = 6), 7.8( ± 1.3) X 10^ ceUs for PSl"^^ (n = 7), and 
6.0( ± 1.3) X 10^ cells for PSi"'" embryos (n = 3). Cultures derived 
from iittermate embryos with the different genotypes were mor- 
phologically indistinguishable. They contained neuronal cells 
almost exclusively, as evaluated by phase-contrast and immuno- 
fluorescence microscopy using antibodies against Tau, Map2 and 
GFAP proteins (results not shown). PSt^^ and PS1~^" cultures were 
metabolically labelled and amyloid peptide and carboxy-terminal 
fragments from endogenously expressed mouse APP were analysed 
by immune precipitation (Fig. lb, c). The strong inhibition of 
secretion of amyloid-P peptide and of the p3 fragment (generated 
by combined P- and 7-secretase and a- and 7-secretase proteolytic 
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activity^, respectively; Fig. la), and the accumulation of C-terminal 
fragments of APP in PSi~'~ neurons, demonstrates a direct role for 
PSl in the amyloidogenic processing of mouse APP. Quantitative 
analysis of this effect was difficult because of the low signals 
obtained with endogenous mouse APP. We therefore expressed 
human wild-type APP and human APP containing the London 
(Val at position 642 to He) or Swedish (Lys at position 595 to Asn 
and Met 596 to Leu) clinical mutations in the neurons by using 
recombinant Semliki Forest virus (SFV)^"^^. Using a panel of well 
characterized antibodies against APP the proteolytic processing 
of APP was analysed in PSr^~ cells (Fig. la). The catabolic inter- 
mediates visualized here have been previously identified by 
labelled-amino-acid sequencing'*. Similar amounts of APP holo- 
protein (100K-140K) expression were obtained in PSi'^'"*', PS1'^^~ 
and P5i"'~ neuronal cultures (Fig. Id). Secretion of APP ectodo- 
main was the same in PSl"^" and in PSi"*"'**^ littermate controls (Fig. 
le), indicating that ot- and p-secretase processing of APP was 
normal. This was confirmed using antibodies against amino-acid 
residues 595-612 (R1736; ref 13) and residues 595-596 (ref 14) of 
APP, which are specific for a- and P-secretase-cleaved APP ecto- 
domain, respectively (Fig. If). Human amyloid-p peptide secretion 



^yfotd preoursof*proteln 
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detected by anti-APP597-6l2 (ref. 9) was significantly lower from 
the P5i"'~ than firom PSt^^ cells (Fig. Ig and Table 1). In control 
experiments using antibody 1282 (ref. 14), we confirmed the strong 
decrease in p3 secretion from virally transfected cells (results not 
shown), which was similar to that from uninfected cells (Fig. lb). 
The fivefold decrease in amyloid peptide secretion was not accom- 
panied by a concomitant accumulation of cell-associated amyloij^, 
peptide (Fig. Ih). In contrast, a twofold increase in p-secrtgtasi;- 
cleaved and a fivefold increase in a-secretase-cleaved C;te|ni^iis 
fragments was observed in the cell extracts (Fig. Id, h; 'j^iblf^ij,/ 

In cultures derived from PSi -heterozygous embryc«s, eMejlno or 
only weak effects on APP processing were observed ^ig;. 1), in 
accordance with their normal phenotype^'*. APfecontaining either 
the London or the Swedish mutations that <^^se eaiiy-onset familial 
Alzheimer's disease (Fig. 1) underwerit;|he s2ime abnormal proces- 
sing: a two- to fivefold accumulation of ttr:; and p-secretase-cleaved 
C-terminal APP stubs in the, ^jefeextracts, a two- to fivefold 
inhibition of amyloid pept|4^^%gcretibn into the culture medium, 
and either no or onl)^,^a£pn%^nal effect on secretion of APP 
ectodomain into the i^3ii|fhi^^^ 1). 

The apparent p^0|i^of an increase in C-terminal fragments in 
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Figure 1 Processing of amyloid precursor protein, a. Structure of APP and the 
regions targeted by antibodies used in this study^'"^'*'^^. b, Amyloid-p and p3 
peptide were immunoprecipltated from the medium of metabolically labelled 
neurons (for 18 h) with APP597-638 (R1282; ref. 13). c. Cell-associated APP (holo- 
APP) and C-terminal fragments were precipitated with APPGyS-esS (ref. 9) from 
cell extracts (normalized forTCA-precipltable label). Mainly a-secretase stubs are 
generated from mouse APP^-^\ (See a for the cleavage sites".) d, Cell-associated 
APP fragments precipitated with anti-APP675-695 from neurons expressing 
human wild-type APR or APP containing either the London (APP Lo) or the 
Swedish (APP Sw) mutation after infection with recombinant SFV^"^^. For char- 
acterization of the p- and a-secretase-cleaved fragments, see ref. 11. e, Secreted 
APP ectodomain (APPs) was immunoprecipltated with anti-APPi -612 (ref. 29); the 
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doublet appearance represents the different sialic acid content". Note the small 
increase in mobility of APP Sw (APPsp generated by p-secretase) compared to 
APPsa. f. Soluble APPs, APPso and APPsp precipitated with anti-APPi -612, antt- 
APP595-612 (R1736), and anti-APP595-596 (ref. 14), respectively g. Secreted 
amyloid-p peptide precipitated with anti~APP597-6l2 (which does not react with 
p3)^ h, Amyloid-p peptide precipitated from medium ('Sup') and cell extracts 
('Cell') using anti-APP597-612. p-Secretase-gene rated fragments (lanes 3. 4) 
coprecipitate with small amounts of cell-associated amyloid-p peptide. The 
intensity of the signals obtained for intracellular amyloid peptide is too low for 
reliable analysis (but see Fig. 3). Fragments generated by a- and p-secretase but 
no amyloid-p peptide are precipitated with antl-APP675"695. demonstrating the 
specificity of the signals in the previous two lanes. 
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cell extracts without a concomitant increase in APP ectodomain in 
the medium can be explained if PSl is involved in 7-secretase 
processing of APP after cleavage by a- and p-secretase, resulting in 
turnover of these fragments. We verified this by pulse-chase experi- 
ments, which showed that newly generated C-terminal fragments of 
APP accumulated during four hours of chase in PSi"'~ cells. In PSl*^^ 
neurons, these fragments must be rapidly turned over as they were 
barely detectable at any time point (Fig. 2). The production of both 
amyloid-P(l~40) and amyloid-p(l-42) peptides in the medium of 
PSr^~ and wild-type neuronal cultures was measured by enzyme- 
linked immunosorbent assay (ELISA) and shown to be decreased 
3.6- and 3.2-fold, respectively (Fig. 3). The two putative 7-secretases^^"^^ 
appear to be equally ajEfected by the PSl null mutation. We intend to 
investigate whether PS2 is responsible for the residual secretion of 
amyloid peptide in PSr^" cultures by using PS2~^~ mice and double- 
knockout embryos once they have been generated. 



Table 1 Different APP fragments In PSf"'- and PSl 


*'* cultures 






APPWr 


APP Lo 


APP Sw 


Cleaved stubs (p-secretase) 


2.1 ± 0.4 


2.3 + 0.1 


2.1 ±0.3 


Cleaved stubs (a-secretase) 


5.4 ± 0.9 


5.9 ± 1.6 


4.6 ± 0.2 


APP ectodomain (total) 


1.0 ±0.2 


1.5 ±0.1 


0,9 ± 0.1 


Amyloid-p peptide (total) 


0,2 ± 0.1 


0.4 ±0.1 


0.2 ± 0.0 



PSl-/- 




#8* 




Alt APP fragments (Fig. 1) were quantified by phosphorimaging in arbitrary densitometric 
volume units and normalized to the volume of APP holoprotein in the same cultum 
compensate for differences in cell numbers and Infection'^. The values obtained fmm.fj^S't^^" 
cultures were divided by the values obtained in the PSr^* cultures and this ratio (^>hqlt^/n%s.v 
the mean ± s.e.m, of three independent experiments. APP WT, wild-type Af'P;^4^K'^*^' ^f*'^ 
containing the London mutation (Val642— lie); APP Sw, APP containih^ #^ Swe'dish 
mutations (Lys 595 — Asn and Met 596 Leu). ' I 



Our results show that PSl is involvedMrigy-pcretase-mediated 
proteolytic cleavage of the C-termindis|rans^Membrane fragments of 
APP after their generation by a- arid p^pcf etase(s). PSl is the only 
protein identified so far to b^j4p>%ed in one of the steps in APP 
processing by secretases.^Xlf% mechanism may extend to other 
membrane-spanning |^^ni|^d suggests a physiological function 
for presenilin-l. Alth§ii|i^%$i itself may be (one of) the elusive 7- 
secretase(s),^his^ij|^eiy given the absence of sequence identity 
and lack of tt|;u)eiuj:J[ homology between PSl and any proteinase 
domaini Wo^i ^he residual amyloid-peptide secretion found for 
P§r!r i^eftfpi^s suggests that PSl is not the enzyme itself, but a 
e^itgll' cofactor in this processing step. The demonstration that 

^^"P and presenilins interact with one another fits this 
ti^othesis^*''^. The structural and functional similarity of PSl and 

^ SCAP^ may be significant: they both span the endoplasmic reticu- 
lum membrane 6 to 8 times^'*"^^ and both are involved in the 
cleavage of integral membrane proteins (APP and SREBP, respec- 
tively). PSl and SCAP may represent a new class of chaperones that 
mediate or control access of proteinases to the transmembrane 
domain in the case of APP and to the lumenal-loop domain in the 
case of SREBP. An alternative explanation that PSl is involved in the 
transport of the membrane-anchored C-terminal APP fragments 
towards the 7-secretase (s) -containing subcellular compartment 
does not necessarily contradict this hypothesis. Our data strongly 
support the idea that clinical mutations in PSl result in a gain of the 
function of PSl, and are not a haplotype insufficiency as was 
inferred from complementation experiments in Caenorhabditis 
elegans deficient in sellly the worm's homologue of PSl (refs 24, 
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Figure 2 a, Pulse-chase experiment demonstrating similar turnover rates for APP 
holoprotein In PSr^" and PSr^~ cultures. The lower half of the gel (after 
amplification of the signals) demonstrates the turnover of the C-terminal 
fragments. Pulse labelling. 30min; chase, 60, 120 and 240 min. b, Quantitative 
analysis. Ail data are normalized'^ to the signal obtained at the end of the pulse 
labelling for APP holoprotein (top) and the carboxy-terminal fragments (bouom) 
from PSr^' (•) and PSV'' (A) cultures. Bars indicate s.e.m. (n = 3). 
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Figure 3 Assessment of the a. amyloid-p(1-40)-, and b, amyloid-p(1~42)-peptide 
contents In supernatants ('Sup') and cell extracts ('Cell') of PSr'" and PSr^" 
littermate neuronal cultures. The total amounts (in picograms) of peptide per 
culture dish are shown as mean ± s.d. [n = 4). 
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25). Our results indicate that production of amyloid peptide in 
neurons might be decreased by inhibiting PSl function. With the 
proviso that PSl function might be essential in adult brain, to be 
evaluated in conditionally targeted PSl mice, PSl maybe a suitable 
target for anti-amyloidogenic therapy in Alzheimer's disease. □ 

Methods 

Additional information describing the generation and characterization of the 
PS1~'~ mice is available on our website http://www.med.kiileuven.ac.be/ 
legtegg/. 

The preparation of recombinant Semliki Forest virus stocks and the 
infection of neuronal cultures have been described'"'^. Virus was diluted in 
culture medium and added to 3-5-day-old neuronal cultures. After viral 
adsorption (for 1 hour), the virus solution was replaced by normal medium. 
After 2h, culture was continued in methionine-free medium containing 
200|Ji,Cimr* of ['^S] methionine. After 4 h of metabolic labelling, cell extracts 
and supernatants were processed as described'"'^ Radioactive bands were 
measured as densitometric volumes using phosphorimaging. Immunoprecx- 
pitated material was resolved in 10-20% Tris-tridne gels or in 6% Tris-glycine 
gels for the analysis of APP ft^gments. 

The sandwich- type ELISA^**^' is based on capture antibodies 21 Fl 2 (specific 
for amyloid-p(l-42)) and FC:A3340 (specific for amyloid-p(l-40))='* and 
biotinylated reporter antibody 3D6. Synthetic peptides (Bachem) were used 
as standards. Controls showed no crossreactivity of the assay with shorter or 
longer forms of the peptides. 
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Shaker-relAted voltage-gated (Ky) channels**^ are assembled 
from ion-conducting K^ct subunits, which are integral membrane 
proteins^ and auxiliary K^p subunits. This leads to the formation 
of highly diverse heteromultimeric Kv channels that mediate 
outward currents with a wide range of time courses for inactiva- 
tion. Two principal inactivation mechanisms have been 
recognized^ C-type inactivation correlated with carboxy-term- 
inal IQa-subunit structures^, and N-type inactivation conferred 
by 'ball' domains in the amino termini of certain KvOt**^ and K^p^ 
subimits. Assembly of heteromultimers with one or more KvOt"**^- 
and/or K^P^ ball domains appears to be an essential principle of 
the generation of A-type channel diversity. Here we show that, 
unexpectedly, the presence of KvOt- or KvP-ball domains does not 
dominate the gating phenotype in heteromultimers containing 
Kvl.6a subunits. These heteromultimers mediate non-inactivat- 
ing currents because of the dominant-negative activity of a new 
type of N-type inactivation-prevention (NIP) domain present in 
the Kvl.6 amino terminus. Mutations in the NIP domain lead to 
loss of function, and its transfer to another KvOt subunit leads to 
gain of function. Our discovery of the NIP domain, which 
neutralizes the activity of KyOt- and K^p-inactivation gates, 
establishes a new determinant for the gating behaviour of 
heteromultimeric Ky channels. 

Unlike in other Kvlcx/Kvpl.l heteromuitimers^'^ such as Kyi. 5/ 
K^pi.i (Th = 1.5 ± 0.2ms, n = 6; Fig. la), K^pl.l did not confer 
rapid N-type inactivation to non-inactivating Kvl.6 channels 
(m — 5; Fig. lb). Coexpression of KvPl.l with Kvl.6, however, 
shifted the voltage-dependent activation of the Kvl.6 outward 
currents {Vm — 15 ± 2.7 mV, slope factor 12 ± 1.1 mV, « = 4) 
to more negative potentials ( — 4.9 ± 4.9 mV, slope factor 
8.9 ± 1.2 mV, n = 5). Similar shifts in the voltage dependence of 
activation had been observed with Kvp2 subunits, which do not 
possess a ball domain, when coexpressed with Kvlot subunits^''. 
Thus Kvpl.l apparently influenced Kvl.6 channel gating like a Kvp 
subunit without an inactivation gate. This implies that 1 .6/KvP 1 - 1 
heteromultimers were formed, as suggested by co-irmnunoprecipitation 
studies^''. The Kvl.6 N terminus contains a conserved functional 
Kvpl -binding site*^'^^ as indicated by protein overlay binding 
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